Background: The Miyahira-Araujo Fuzzy Obesity Index (MAFOI) for being used as an alternative in bariatric surgery indication (BSI) is validated in this paper. The search for a more accurate method to evaluate obesity and to indicate a better treatment is important in the world health context. Body mass index (BMI) is considered the main criteria for obesity treatment and BSI. Nevertheless, the fat excess related to the percentage of Body Fat (%BF) is actually the principal harmful factor in obesity disease that is usually neglected. The aim of this research is to validate a previous fuzzy mechanism by associating BMI with %BF that yields the Miyahira-Araujo Fuzzy Obesity Index (MAFOI) for obesity evaluation, classification, analysis, treatment, as well for better indication of surgical treatment.
Background
The clinical conditions that are characterized as overweight (pre-obesity) and obesity are currently a universal epidemic of critical proportions. Efforts have been made to minimize this public health problem, but the prevalence of obesity is still growing in both developed and developing countries [1] [2] [3] [4] [5] [6] .
An excess of fat tissue (obesity) has been shown to be harmful for multiple organs and systems through trombogenic, atherogenic, oncogenic, hemodynamic, and neuro-humoral mechanisms [7] [8] [9] [10] [11] . Recently, obesity and related diseases (comorbidities), including diabetes mellitus, hypertension, coronary artery disease, cancer, sleep apnea, and osteoartrosis, have replaced tobacco use as a leading cause of death, where obesity contributes directly to the severity of the comorbities [12] [13] [14] [15] .
Therefore, a great clinical interest exists for evaluating overweight and obese patients to determine the risks inherent with these conditions, to prescribe and control conservative treatments, and to indicate when surgical treatment is needed. In the last 30 years, only the overweight and obesity rating system, which uses the body mass index (BMI), has been internationally recognized [16] (Table 1) .
BMI is a mechanism to measure weight excess extensively used in a myriad of epidemiologic studies, and is incorporated with clinical practice because of its simplicity [17] . However, it does not properly evaluate the body fat (BF) proportion because it fails to distinguish lean muscle mass from body fat [18] . The BF measurement has more value than global body mass measurements since the harmful factor in obesity is the accumulation of fat in the body, and lean muscle mass does not burden the individual health [19, 20] . Additionally, the BMI itself is revealed as an imprecise and inaccurate method to measure the percentage of Body Fat (%BF), especially when people from different categories are took into account, which happens in populations of different ages and with different body types [21, 22] .
Despite of these limitations, the BMI is often used in the therapeutic approach to obesity classification, analysis, and treatment as well as to determine bariatric surgery (Table 2 ) [1] .
Taking into account that the BF percentage is the most reliable indicator of obesity and that the BMI is used to prescribe surgery, it would also be convenient to simultaneously consider BF when approaching the patient to recommend bariatric surgery (Table 3 ) [23] [24] [25] . In this sense, the BMI should be included in conjunction with the %BF when evaluating the condition of the patient and determining an obesity treatment algorithm [18, 26] .
Therefore, the search for a more accurate model that evaluates overweight and obese patients with apparent body mass excess led to the conception that indicates when surgery is appropriate for these patients. Previously presented, the Miyahira-Araujo Fuzzy Obesity Index (MAFOI) evaluates the obesity by correlating BMI and the BF in the context of fuzzy set theory and fuzzy logic. MAFOI must also have the ability to accurately recommend which patients should be referred for bariatric surgery.
Objectives
General: To determine a more accurate parameter for the evaluation of obesity and in bariatric surgical indication.
Specifics: 1) To evaluate the use of Miyahira-Araujo Fuzzy Obesity Index (MAFOI) in a random sample of the obese population. Inclusion criteria were the following: patients from emergency and nursing rooms in the HMJCF, of both gender, and aged 18 years and older, and patients fasting at least for 6 hours of solid food and 4 hours of liquids. Exclusion criteria were the following: patients who refused to take part in the study, pregnant women, and patients with kidney failure, hydroelectrical alterations, inadequate hydration, fever (T>37.8°C), ascites, hepatic cirrhosis, a coronary by-pass, or an amputation of the inferior or superior members.
The weight, height, and BF of the patients were measured during the same day and at subsequent time points.
BMI Calculation
To calculate the BMI, a stadiometer, which was graded at every 0.5 cm, and a digital scale, with 0.1-kg sensitivity, were used.
BF Calculation
To obtain BF and fat-free mass (FFM) values, a body composition analyzer was used, a method that uses direct multi-frequency bio-impedance (BIA) and the Segmental-model InBody230 (Biospace Co., Ltd. Seoul 135-784 KOREA) Tetra-polar System with 8-points. The BF values and FFM system were obtained through the BIA from equations that were incorporated in the equipment, as described by Bedogni [35] .
Protocol for the evaluation
1) The patients were instructed to refrain from drinking alcohol and to not perform heavy physical activity during the day prior to the exam.
2) Fasting at least for 6 h of solid food and 4 h of liquids prior to the exam.
3) The patients were instructed to use the rest room before the test.
4) The patients wore light clothes or a hospital gown.
5) The patients did not wear watches or jewelry in the vicinity of the electrodes.
6) The patients remained standing for 5 minutes before the exam performance.
7) The room temperature at the exam was maintained from 20°C to 25°C.
Fuzzy Set Theory and Fuzzy Logic for Fuzzy BMI, Fuzzy %BF and Fuzzy Obesity Output Classes and Values in Obesity Assessment
Initially, the BMI was modified by the treatment of the crisp classes, as adopted by the World Health Organization (WHO), into fuzzy sets, i.e., fuzzy classes (Figure 1 and 2). While the classical set theory is based on the excluded middle principle where an element belongs, or not, to a set (crisp set/class), the fuzzy set theory allows a relation of gradual membership of an element to a determined set [27, 28] . Such an approach was, thus, extended to the %BF classes ( Figure 3 ). The fuzzy BMI and fuzzy %BF classes were aggregated by employing logical connectives and mapped into fuzzy obesity output classes and values resulting in a new index named the Miyahira-Araujo Fuzzy Obesity Index (MAFOI) (Figure 4) . MAFOI was, then, used to classify individuals in relation to their obesity condition and establish a criterion that provides a decision-making system that can recommend bariatric surgery, as well.
These described steps embrace the mapping process that includes the following: (i) the knowledge basis, (ii) the fuzzification that translates the crisp value (classical number) of the input variable into a fuzzy value, (iii) the cylindrical extension, the aggregation, the conjunction, and the projection, and (iv) the defuzzification that translates the output linguistic variable in a crisp value.
To build the input variable for the fuzzy BMI, the WHO classification (Table 1 ) was used. The fuzzy sets for the fuzzy BMI are assigned the following linguistic terms: overweight (OW), obesity class I (OI), obesity class II (OII), and obesity class III (OIII).
To build the input variable for the fuzzy %BF, the NIDDK classification of overweight and obesity was used ( Table 3 ). The fuzzy sets for the fuzzy %BF are assigned the following linguistic terms: adequate (AD), light obesity (LI), moderate obesity (MDE), high obesity (HI), and morbid obesity (MOR).
The fuzzy obesity or surgical-treatment-indication evaluation constituted the output linguistic variable (consequent of the rule). The fuzzy sets for the fuzzy obesity or surgical-treatment indication are assigned the following linguistic terms: thin (TH), muscular hypertrophy (MUH), excess of weight (EW), sutomori (SUT), fuzzy obesity (FZOB), and morbid obesity (MOR). The rules were restricted to those classes considered relevant, i.e. restricted to only those than can happen in ordinary practice ( Table 4) .
The base of rules is represented as a fuzzy matrix in table 4.
Fuzzy BMI, % Fuzzy BF, Fuzzy Obesity Output Classes, and MAFOI performance to obesity diagnosis and to surgical treatment indication
The WHO reference standard is employed to evaluate the obesity diagnosis performance, which is evaluated by using the BMI ( Table 1 ). Values that are already described in the literature were used to evaluate the obesity-diagnosis performance, which was evaluated using the %BF cut-off value [25] . To evaluate the MAFOI, a value defined by the defuzzification of the output variable is used by using the center of area method.
Statistical analysis
The continuous variables are presented as mean and standard deviation (SD) and numbers and percentages as categorical variables. The Pearson coefficients of correlation and the respective intervals of confidence (IC) (95%) are estimated to compare BMI, BF and MAFOI 
Results
In the current study, 81 patients were evaluated and 72 out of the 81 were evaluated by analyzing the BMI and %BF. Among the excluded patients, 7 were not fasting, a patient had consumed alcohol within 24 h prior to the test, and a patient had a fever (T = 38.2°C) at the time of evaluation. Within the 72 patients, 42 were female and 30 were male. The mean age standard deviation (SD) was 39.5 ± 11.2 years old for women and 43.5 ± 15.8 years old for men. The mean weight SD was 70.0 ± 14.5 kg for women and 79.6 ± 25.3 kg for men. The mean BMI SD was 27.1 ± 5.8 kg/m 2 for women and 27 ± 7.4 kg/m 2 for men. The mean %BF SD was 38.7 ± 6.7% for women and 26.3 ± 7.9% for men. The demographic data are described in Table 5 .
The maximum and minimum BMI, %BF, and MAFOI values are presented in Table 6 . Mean and SD values are given for BMI and %BF. Table 7 displays the Pearson linear correlation coefficients between BMI (Kg/m 2 ) and the remaining variables: BF, FFM, and MAFOI for both genders.
The low bound value of BMI obesity class I classification (OI) = 30 and the low bound value of %BF high obesity classification (HI) = 35 (women = 35; men = 25 +10), which are defined by the WHO/NIDDK [16, 25] were used as input values of the fuzzy model. The fuzzy inference was performed. The outcome was the cut-off value of index MAFOI/BSI (MAFOI) = 68.
The percentage of individuals that were considered obese by the BF criteria was statistically lower than by the BMI criteria (Table 8) .
The percentage of obese individuals determined by the MAFOI criteria was statistically higher than by the BMI criteria ( Table 9 ). The percentage of obese individuals determined by the BF criteria was statistically higher than the MAFOI criteria (Table 10 ).
The correlation between the BMI and %BF for women was stronger than for men. When comparing BMI to FFM, the correlation was better for men. The groups show a strong correlation for all of the variables in both genders. Regarding the BMI and MAFOI, the correlation was strong for both women and men. The correlation between BF and MAFOI was the best one for both genders.
The percentages of individuals that were considered obese by the BMI, %BF, and MAFOI criteria are presented in Table 11 . The percentage of individuals considered obese by the %BF criteria (63.9%) was statistically higher than the BMI criteria (23.9%) (p < 0.001). The percentage of individuals considered obese by the MAFOI criteria (41.7%) was statistically higher than the BMI criteria (23.6%) (p < 0.001). The percentage of individuals considered obese by the %BF criteria (63.9%) was statistically higher than the MAFOI criteria (41.7%) (p < 0.001) [30] .
Discussion
Use of BMI to classify obesity Despite its limitations, the BMI is currently considered the most useful measurement of the obesity level of the population. Thus, the BMI can be used to estimate the prevalence of obesity in the population and the risks associated with this condition. However, it does not elucidate the wide variation in the nature of obesity between different individuals and diverse populations.
Among sedentary and overfed individuals, the increase of body mass is generally due to both body fat and muscle mass. Nevertheless, among men, the increase of body mass may play a more important role than in women which has the increase of body fat the main factor of acquired excess of weight. Thus, the correlation between the BMI and %BF for women is stronger than for men. When comparing BMI to fat-free mass, the correlation was better for men, a feasible explanation is due to the greater increase of the muscle mass among them.
Regarding the BMI and MAFOI, the correlation was strong for both men and women. The correlation between BF and MAFOI was the best one for both genders. Studies indicate that the BMI has to be adjusted for diverse ethnical groups as the WHO study of the Western Pacific Region [31] . This study demonstrated that different cut-off values must be adapted for overweight (>23 kg/m 2 ) and for obesity (>25 kg/m 2 ). Other studies evaluated the Australian aborigine population and showed that the cut-off point was >26 kg/m 2 for defining overweight [31] . The BMI accuracy in diagnosing obesity is mainly limited in intermediary ranges of BMI in men and in elders due to a failure in discriminating free-fat mass and body fat [32] .
The results of this study were in agreement with the data found in the literature when the performances of the BMI and BF in diagnosing obesity were compared [18, 32, 33] . Analyzing only the BMI, 23% of the sample was considered obese, while this proportion increased to 63.9% and 41.7% when evaluated, respectively, with the %BF and the MAFOI.
The variability between living things of the same species, inherent to the biological condition, allows a range of classification. However, the limits of these artificially created classes are inaccurate and badly defined.
To justify the use of fuzzy logic in this research, it is worth to consider that the classical procedure for evaluating the results from research in the life-science area has been the application of descriptive statistics to the tabulation and stratification of data. Inferential statistics have been used where probabilistic analyses are needed. In the classical logic approach, however, all of the instruments aim at establishing values with a higher rate of occurrence; specific ranges of variables are directly defined as causes or modulating factors. This treatment is perfectly suited when it refers to results of exactscience studies where the objects are simple substances and the samples are homogeneous. However, this is not the case in the biological field where the disparity observed can be simply due to normal individual variation that occurs in a species population [34] .
Limitations of the study
1) The membership functions were conceived by the authors based on the concepts, classification and knowledge about overweight and obesity already described in the literature [25] . Therefore others membership functions maybe acceptable. 2) The fact that there is not a MAFOI for men and other for women. The only one obtained maybe creates a skewness that underestimates BSI for men as the BF cut-off for men may be considered.
3) The calculus of the MAFOI itself was decided taking into account the lower bounds of two special bands of BMI and %BF categorization. This election The maximum and minimum BMI, BF, and MAFOI values.
seems adequate since those special bands include the obese subjects, however studies may continue to analyze clinical conditions like metabolic syndrome, hypertension, and cancer. 4) The rules appear to be reasonable, since they are building up based on the logical concept.
5) The accurateness of all the assumptions adopted for the fuzzy inference system can be verified according to the matching against real data where BSI had been achieved as a good decision. Finally, the development carried out in this paper admits other representations since it allows subtle changes, modifications in the output can be verified.
Conclusion
The Miyahira-Araujo Fuzzy Obesity Index (MAFOI) demonstrated to be adequate both to evaluate the obesity condition and to recommend bariatric surgery according to experimental data. The MAFOI results are closer to the real clinical condition of obesity of the individual than either the BMI or the %BF. The fuzzy set theory and fuzzy logic can be understood both as a manner to reproduce the knowledge and the common sense working as an interface between numbers and symbols (linguistic expression) as a tool to build up numerical functions when dealing with data [36, 37] .
The concept underlying fuzzy sets allows the gradual and not absolute pertinence from an element to a class, contrary to the classical sets. A classic set, M, in a space of points assigned universe of discourse, X = {x}, is defined by a characteristic function, μ M (x), that assumes a null value for all elements of X that not belongs to the set M, μ M (x) = 0 if x ∉ M, and a unitary value for those values that belong to it, μ M (x) = 1 if x M, i.e., μ M (x): X {0, 1}. Differently, a fuzzy set, M, in a universe of discourse, X, is defined by a membership function, μ M (x):
If the values of μ M (x) are, in turn, associate to a degree of truthiness, the truth is assigned to continuous values within [0, 1] [27, 28] . The membership function μ M (x) can also be understood as the compatibility degree among fuzzy sets which, in turn, are related to linguistic terms.
(1) The first step for achieving the Miyahira-Araujo Obesity Index (MAFOI) is, thus, accomplished when the BMI is modified into fuzzy sets by the treatment of the crisp classes adopted by the World Health Organization (WHO), as depicted in Figure 1 and 2 [26] . To build the input variable for the BMI, the WHO classification in Table 1 is used. In sequence, such a process is extended to %BF classes (Figure 3 ) [26] . To build the input variable for the %BF, the NIDDK classification of The percentage of individuals considered obese by the BF and the BMI criteria. The percentage of individuals considered obese by the MAFOI and the BMI criteria. The percentage of individuals considered obese by the MAFOI and the BF criteria. overweight and obesity in Table 3 is used. The elements of BMI and the elements of %BF, both being distributed into the universes of discourses X and Y, respectively, are grouped and assigned by classes or linguistic terms. The BMI obesity classes are assigned the linguist terms overweight (OW), obese class I (OI), obese class II (OII), and obese class III (OIII) meanwhile the %BF obesity classes are assigned the linguistic terms adequate (AD), light obesity (LI), moderate obesity (MDE), high obesity (HI), morbid obesity (MOR) [26] .
When employing the classical set theory to classify obesity and to recommend surgical treatments, or not, there is categorical, crisp classes like yes or no, recommendation or no-recommendation for bariatric surgery. Diverse crisp obesity classes can be employed for surgical recommendation, according to the class a patient belongs to (Figure 1 ). For instance, a patient with a BMI of 39 Kg/m 2 is assigned to the Obesity II class, such that μ M = OII (x = 39 Kg/m 2 ) = 1. Observe that all the other classes obtain a null activation status, μ ≠OII (x = 39 Kg/ m 2 ) = 0. This category achieves no-recommendation class for bariatric surgery, μ no-recommendation (x = 39 Kg/ m 2 ) = 1, or equally null surgical recommendation, μ recommendation (x = 39 Kg/m 2 ) = 0 [37] . Nevertheless, it seems to be arbitrary to assign a Boolean approach as the one used for BMI or %BF. Two patients with BMI of 39 kg/m 2 and BMI of 40 kg/m 2 are, respectively, classified into the OII and OIII groups receiving each a distinct treatment recommendations, even if the difference from one patient to the other is minimal, Δ1. Although the first patient is not in the range for a surgical recommendation, the second one is in the range for a surgical recommendation. In this situation, both patients may not present significant biological, anatomical, or physiopathological differences that justify such a discrepancy in the surgical recommendation. Conversely, fuzzy set theory allows simultaneously allocating a patient in more than one class, or not, by embodying the inherent subjectivity in the obesity and bariatric surgery classification and analysis processes. Likewise crisp obesity classification, fuzzy obesity classification also allows dealing with diverse groups and classes (Figure 2 ). This provides the advantage of a more realistic classification both for obesity severity and surgical recommendations. Taking into account the same patient, a fuzzy set (class) assigned Obesity II Class is active with a degree of recommendation -i.e., a degree of certainty -for surgical treatment, μ recommendation OBII (x = 39 Kg/m 2 ) = a 1 , where 0 <a 1 < 1, due to a degree of membership, μ M = OBII (x = 39 Kg/m 2 ) = a 1 . Observe that this patient may also be classified by another fuzzy set labeled Obesity III Class achieving another degree of recommendation for surgical treatment, μ recommendation OBIII (x = 39 Kg/m 2 ) = a 2 , where 0 <a 2 < 1, according to a different degree of membership, μ M = OBIII (x = 39 Kg/m 2 ) = a 2 , such that a 1 > a 2 [37] . Further, when taking into account two patients with BMI of 39 kg/m 2 and BMI of 40 kg/m 2 , both would be categorized either as OII as OIII. The difference exists since the first patient presents a class of OII that is higher than OIII, whereas the second patient is more in the OIII group than in the OII group. In this case, both patients have a potential to receive or not receive a recommendation for surgical treatment. This determination depends on other factors and not only the BMI value, which is improperly and perhaps inconsistently used.
(2) The second step in building up the MAFOI is fulfilled by satisfying the BMI dependence upon another factor [26] . Fuzzy set theory advantages in allowing distinct variables to work together based on the aggregation of their respective fuzzy sets. The manipulation of sets is chiefly carried out by operators of intersection ∩, union ∪, and complement, ¬. The intersection set operation corresponds in logic to the connective, operator of conjunction, ⋀, and to the semantic connective, "and" The union set operation is associated to the connective operator of disjunction, ⋁, and to the semantic connective "or" The complement is related to the logical connective of negation of a given proposition presenting the idea of opposition. The BMI and %BF classes were aggregated by employing logical connective of conjunction. The %BF variable is the modulation factor for BMI variable in the obesity degree and surgical recommendation analysis. When the sets are considered under the classical set theory, the Cartesian pair, (x,y), such that x BMI and y %BF, assumes either a unitary value, μ( M BMI × M %BF ) (x,y) = 1, for each pair that belongs to the relationship or a null value, μ( M BMI × M %BF ) (x,y) = 0, for each pair that does not belong to the relationship. When the partition of the universe of discourse for the BMI and %BF variables is accomplished by using the fuzzy set theory, each Cartesian pair is also able to assume an intermediary value between 0 and 1, 0 μ( M BMI × M %BF ) (x,y 1, yielding an overlapping of The percentages of individuals that were considered obese by the BMI, BF, and MAFOI criteria.
classes (overlapped assignments) in a way that the patient can be classified in complementary manners. Both BMI and %BF are understood as input variable when dealing with a fuzzy IF-THEN inference mechanism (mapping) and the resulting Cartesian product, X × Y, is related to the input space. In general, this input space is mapped into an output universe of discourse. (3) This leads to the third step in designing the Miyahira-Araujo Fuzzy Obesity Index. The obesity-degree/ surgical-treatment-indication evaluation constituted the output linguistic variable (Figure 4) [26] . The fuzzy sets that part such an output universe of discourse are assigned the linguistic terms thin (TH), muscular hypertrophy (MUH), excess of weight (EW), sumotori (SUT), fuzzy obesity (FZOB), and morbid obesity (MOR). They were obtained according to the classification of body composition, regarding the weight, muscle mass, and body fat. The sutomori fuzzy set for obesity is also a novel obesity class previously introduced by the authors and there is no similar in literature. 26 It is a special body constitution which is found among sumo wrestlers, characterized by a large amount of both muscles and fat tissue. These athletes have a large muscular mass and present a high level of %BF and due to that are usually considered as obese. However, when compared with individuals with equivalent BMI, they present lower values of %BF [26] .
(4) The fourth and latter step for obtaining the MAFOI is related to its proper structure that maps the BMI and %BF linguistic variables into the obesitydegree/surgical-treatment-indication linguistic variable by employing the fuzzy logic [26] . Fuzzy logic is essentially a system of rules of inference characterized as a set of (IF-THEN) rules. This mechanism of fuzzy inference uses logic principles to establish how facts and rules have to be combined to derive new facts. An important concept is the fuzzy rules, IF P 1 AND P 2 AND ... AND P n THEN Q where the set of input fuzzy propositions, P i = x i is M i , i = 1, ..., n, and the inferred fuzzy proposition, Q = z is Ni, are called, respectively, premises (antecedent of the rule) and conclusion (consequent of the rule) such that the fuzzy rules can also be represented as IF x 1 is M 1j AND x 2 is M 2j AND ... AND x n is M nj THEN z is Ni. Being a mechanism of inference, the fuzzy logic is understood as a form to represent the human approximate reasoning; being a form to represent a mapping, it is a universal approximator. 36, 37 The rules were restricted to those considered relevant; i. e., they were restricted to feasible rule than can really occur in real health world. Given the set of fuzzy IF-THEN rules as established in Table 4 the Miyahira-Araujo Fuzzy Obesity Index is, then, used to classify individuals in relation to their obesity condition and establish a criterion that provides a decision-making system that can recommend bariatric surgery [26] .
